1. Introduction
===============

Curcumin, a hydrophobic polyphenol spontaneously undergoing a keto--enol tautomerism, is isolated from the rhizome of *Curcuma longa* L (Fig. [1](#F1){ref-type="fig"}).^\[[@R3]\]^ Multiple molecular targets of curcumin bring a vast pharmacological effects including antioxidant, anti-inflammatory, antimicrobial, anticarcinogenic, thrombi-suppressive, hepatoprotective, cardiovascular-protective, Alzheimer-easing, hypoglycemic, and antiarthritic activities.^\[[@R1],[@R2]\]^ Recently, it aroused a great controversy among pharmacologists and phytochemists. On the one hand, curcumin shows multiple pharmacological effects and high-dose safety feature that warrant further investigations. On the other hand, curcumin exhibits a low bioavailability.^\[[@R4]--[@R6]\]^ Moreover, vast targets inevitably bring vast unnecessary side effects. Many scientists tend to believe curcumin has been releasing a "deceptive false signal" in drug-screening tests, and they also pointed out that chemicals may hit in drug screenings but unlikely to yield a drug, and curcumin seems to be one of those "chemical frauds."^\[[@R66]\]^ However, a most recent review argues that curcumin should not be dismissed and curcumin\'s feature of multiple molecular targets is associated with modulation instead of direct inhibition. There are many animal studies and clinical trials that show the therapeutic benefits of curcumin that should not be neglected.^\[[@R67]\]^ In our opinion, it is unlikely that curcumin, as a multitarget chemical, hits a specific target without affecting others. Therefore, in this article, we summarized promising modification strategies characterized by cancer-related structural features to direct structural reforms that we hope could narrow target range to strengthen more specific effects. Modified curcumin analogues could be more effective complementary products to cancer therapies.

![Chemical structure of curcumin. The α,β-unsaturated β-diketone moiety undergoes keto--enol tautomerism and forms a hydrogen bond containing 6-membered ring.](medi-99-e18467-g001){#F1}

1.1. Search methods for identification of studies
-------------------------------------------------

The following electronic databases were searched: PubMed, Google Scholar, and China National Knowledge Infrastructure. The search strategy to be used in Google Scholar is shown in Table [1](#T1){ref-type="table"}. The search strategies to be used in other databases are similar.

###### 

Search strategy applied in Google Scholar database.

![](medi-99-e18467-g002)

1.2. Is curcumin still worthy of further exploration?
-----------------------------------------------------

Pharmacological study of curcumin has never been stopped ever since it was isolated from turmeric. Researchers were surprised to find that curcumin performed remarkably well in antioxidant, anti-inflammatory, and even in anticancer experiments. Curcumin has proven to be effective and has also shown a multitarget nature in mechanism studies. The vast targets of curcumin make it an ideal basis for drug design. In this study, we have summarized the possible molecular targets of curcumin (Table [2](#T2){ref-type="table"}).

###### 

Targets of curcumin.

![](medi-99-e18467-g003)

Curcumin exhibits good antitumor activities. In a hen model, intake of daily dietary curcumin notably reduced the prevalence of spontaneous ovarian cancer by inhibiting NF-κB/signal transducer and activator of transcription 3 (STAT3) signaling pathways and by inducing nuclear factor erythroid 2/heme oxygenase 1 antioxidant pathway.^\[[@R68]\]^ In human colon cancer 116 cells and cancer tissues, curcumin regulated the proliferation and apoptosis via miR-491/PEG10 pathway.^\[[@R69]\]^ In addition, as an adjuvant for antitumoral DNA-damaging drugs, curcumin induced γ-H2AX foci and decreased the expression of Rad51 to sensitize lymphoma cells to DNA-damaging agents.^\[[@R70]\]^ Also, curcumin resensitized gemcitabine-resistant pancreatic ductal adenocarcinoma cells to chemotherapy by attenuating the expression of Enhancer Of Zeste Homolog 2 Subunit of Polycomb Repressive Complex 2, a recently identified drug resistance regulating key player and its related lncRNA PVT1. In addition, curcumin-targeted cancer stem cells (CSCs) down-regulated self-renewal driving genes.^\[[@R71]\]^ Activation of Wnt/β-catenin is critical in epithelial--mesenchymal transition and the acquisition of CSCs properties. Curcumin has been reported to reverse tobacco smoke-induced activation of Wnt/β-catenin.^\[[@R72]\]^ Combined with other compounds or curcumin alone showed suppressive activities in cervical cancer cells by activating p53 and caspase-3.^\[[@R73]\]^ By inhibiting JAK/STAT3 signaling pathway, curcumin attenuated the normal endothelial cells transition to tumor endothelial cells to prevent tumor-microenvironment-induced angiogenesis.^\[[@R74]\]^ Numerous experimental evidences and ongoing experiment have been proving that curcumin is a promising chemopreventive natural product and worth further explorations.

1.3. Stumbling blocks between curcumin and an effective antitumor product
-------------------------------------------------------------------------

Curcumin exhibits an excellent antitumor activity, but there is almost no curcumin-related product clinically applied as an anticancer drug or chemopreventive medication.^\[[@R75]\]^ Poor bioavailability is the leading cause that limits the benefits of curcumin. Curcumin undergoes a spontaneous keto--enol tautomerism that makes it unstable at physiological pH. In addition, curcumin is a hydrophobic polyphenol almost insoluble in water. Slow uptake and rapid metabolism features of curcumin also limit its efficacy.^\[[@R76]\]^ Pharmacokinetic studies revealed that oral bioavailability of curcumin was only 1%.^\[[@R77]\]^

Besides its low bioavailability issue, broad bioactivity profile of curcumin drew skepticism. A review explained its broad bioactivity profile as pan-assay interference compounds. According to the authors, multiple bioactivities of curcumin is an assay-interfered readout rather than compound--target interactions, for example, fluorescence interference, covalent labeling of proteins, metal chelation, redox reactivity, aggregation, and so on.^\[[@R78]\]^ This explanation may be plausible for experiments in vitro, but it is not able to explain large experimental and clinical trail data in vivo.^\[[@R13]\]^ We suppose curcumin, as a secondary metabolites , is structurally weak-matched with a common domain, which appears as a wide target inhibition or activation. To develop a medication, one must have a specific target, and multitarget behaviors would inevitably bring wide side effects that explained multiple activities of curcumin. When it comes to a specific disease, for example, cancer, a lot of literature documented antitumor activities of curcumin; it is unlikely that a single molecule worked on so many targets without any adverse side effects. However, it is interesting that experiments in vivo proved curcumin to be safe even at a very high dose.^\[[@R5],[@R79]\]^ Possible explanations may be that either the absorption of curcumin is low or biological activities of curcumin are definite but moderate.

1.4. Current solutions for curcumin
-----------------------------------

Poor bioavailability limits the further benefits of curcumin; a lot of researchers gave their solutions. It prevented curcumin from glucuronidation to less potent metabolite curcumin glucuronides using an adjuvant piperine that is a known inhibitor of glucuronidation.^\[[@R80],[@R81]\]^ Nanoparticle technology has been applied in curcumin delivery system. With a very small particle size, highly hydrophobic curcumin is dispersed in water to the utmost extent, which helps curcumin to get into target cells.^\[[@R82]\]^ In addition, liposome, micelles, phospholipid complexes delivery systems of curcumin have been developed to achieve a better bioavailability.^\[[@R4],[@R83]--[@R85]\]^

The improvement in pharmaceutics or delivery systems of curcumin increases bioavailability indeed, but it will not change the chemical structure; curcumin still remains the "panacea" attribute. By narrowing target range to strengthen more specific effects, structural modifications of curcumin seem to be the strategy to enhance the activity as a specific anticancer product.

To strengthen pharmaceutical activities of curcumin, researchers synthesized many curcumin analogues. In a study, most of the synthesized curcumin analogues showed an increasing antioxidant activity to low-density lipoprotein (LDL) peroxidation with the increase of phenolic group number.^\[[@R9]\]^ 3′-Methoxyl in curcumin was deemed to play a role in anti-inflammatory effects; analogues that contain cyclohexanone performed superiorly, and deletion of the β-diketone moiety increased its biological stability defect that was caused by the keto--enol tautomerism.^\[[@R10]\]^ Curcumin was also found to be favorable in the treatment of Alzheimer disease. The study of structure--activity relationships revealed that it is the 2 aromatic rings that could bind with amyloid beta protein (Aβ) and inhibit Aβ aggregation but not the flexibility of the bridge between 2 aromatic rings.^\[[@R11]\]^

In the respect of antitumor activity, modification on curcumin also has been extensively investigated. For centuries, we have been struggling with cancers, although a lot of progresses in the mechanism of tumor genesis and development have been made and there have been plenty of methods coping with different types of cancer for instance radiotherapy, chemotherapy, and other anticancer medications. However, there are many other problems, which include drug toxicities, chemoresistance, radioresistance, cancer recurrence, and so on. In previous studies, curcumin presented a great effectiveness in vitro, but it has hardly met expectations of the clinical demands.^\[[@R78]\]^ But as a basis for antitumor drug designs, there are 3-group sections in curcumin that have been structurally modified to yield more effective compounds, for instance, the aromatic rings, the β-diketone moiety, and the 2 flanking double bonds. As Mosley et al in their article pointed out, mostly, the successful anticancer compounds based on curcuminoid structures retained the conjugated α,β-unsaturated ketone moieties as a Michael receptor. They observed, as cytotoxins, compounds with more than 1 conjugated carbonyl were more active than those with a single conjugated carbonyl, which indicates that a conjugated carbonyl might be the functional group against cancer cells and cancer cells are more susceptible to multiple chemical insults.^\[[@R14]\]^

1.5. Curcumin analogues targeting cancer cells
----------------------------------------------

Traditional anticancer compounds are targeting cancer cells directly. Curcumin has been documented to have direct cancer cell inhibiting effects in many cell models. Some of its analogues, therefore, have been designed to enhance the cytotoxicity directly toward cancer cells. The cytotoxicity of curcumin is mostly presumed to be related to the conjugated carbonyl, but the conjugation in curcumin tends to be unstable because of the keto--enol tautomerism. Therefore, the design strategy prefers to retain the conjugated carbonyl while avoiding the tautomerism by the deletion of the β-diketone moiety. A successful example DM-1 (Fig. [2](#F2){ref-type="fig"}, 15), which is a curcuminoid by a β-diketone moiety deletion based on curcumin skeleton, showed a superior toxicity to melanoma cells.^\[[@R86]\]^ A series of mono-carbonyl curcumin analogues were designed and synthesized to increase stability of curcumin, among which CA15 (Fig. [2](#F2){ref-type="fig"}, 16) exhibited a stronger selective toxicity toward laryngeal cancer cells compared to curcumin. Similar compounds A (Fig. [2](#F2){ref-type="fig"}, 17) and I (Fig. [2](#F2){ref-type="fig"}, 18) also showed a significant antitumor activities both in triple-negative breast cancer cells in vitro and in triple-negative breast cancer and leukemia xenografts in vivo.^\[[@R87],[@R88]\]^ However with the alteration of α,β-unsaturated ketones, saturated curcumin or curcumin analogues, for example tetrahydrocurcumin (Fig. [2](#F2){ref-type="fig"}, 7), were proved to be much less potent, which further proved the importance of conjugated carbonyl in antitumor activity.^\[[@R16],[@R24]\]^

![Potential antineoplastic curcumin analogues. Structures of curcumin and its analogues presented in this review have been reported to have the potential antineoplastic activity.](medi-99-e18467-g004){#F2}

Based on mono-carbonyl curcumin, a designed series of piperidone curcuminoids also showed a promising outcomes in tumor inhibition.^\[[@R92]\]^ Compared to curcumin, *N*-acryloyl series (Fig. [2](#F2){ref-type="fig"}, 1) were found to be more cytotoxic toward murine P388 and L1210 leukemic cells and human Molt 4/C8 and CEM neoplasms.^\[[@R15]\]^ In another article, a series of α,β-unsaturated monoketone curcumin analogue based on piperidone showed remarkable cytotoxicity to leukemia cell lines.^\[[@R16]\]^

Above all, further modifications of curcumin are basically based on mono-carbonyl curcumin or piperidone curcumin with the introduction of methyl groups, hydroxy groups, fluorine, methoxy groups, hybridization, and so. Some of the examples are listed as MC37 (Fig. [2](#F2){ref-type="fig"}, 19),^\[[@R89]\]^ 2,2′-fluorine mono-carbonyl curcumin (Fig. [2](#F2){ref-type="fig"}, 20),^\[[@R90]\]^ and Da0324 (Fig. [2](#F2){ref-type="fig"}, 21).^\[[@R91]\]^

### 1.5.1. Curcumin analogues targeting CSCs

The CSC hypothesis accounts for the functional heterogeneity and hierarchical organization of cancerous cells. CSCs are responsible for the tumor comprising diverse cells and exhibiting a stem cell-like feature. In most cases, CSCs are drug resistant and have the abilities of self-renewal and cancer initiation to maintain the tumor existence that majorly is the reason of cancer recurrence.^\[[@R98]\]^ Recent studies on curcuminoids have presented several activities by which oncogenesis could be distinctly suppressed. It has been pointed out that 3 major signaling pathways, the Wnt/β-catenin, sonic hedgehog, and Notch l pathways, may be involved in curcumin blocking CSCs self-renewal through direct or indirect influences. CSCs resistance to chemotherapy and radiotherapy is considered the main reason for cancer recurrence. A strategy using a combination of CSCs-targeted curcuminoids and conventional anticancer drug therapies has been proven to be potential to attenuate tumor resistance and recurrence.^\[[@R21],[@R26]\]^ In colorectal CSCs (ALDH^+^/CD133^+^ subpopulation of colorectal cancer cells), difluorinated curcumin (CDF) has been shown to downregulate the expression of miR-21 that would be present in high level in many cancer cells, further restore the expression of PTEN.^\[[@R27],[@R28]\]^ Recent research also revealed its role in pancreatic cancer in which CDF accumulates 3-folds more than curcumin.^\[[@R23],[@R30]\]^ GO-Y030 (Fig. [2](#F2){ref-type="fig"}, 11) and a water-soluble curcuminoid A13 (Fig. [2](#F2){ref-type="fig"}, 12) selectively inhibit the phosphorylation of STAT3, and then downregulate the expression of STAT3-mediated genes involved in cancer cell proliferation and survival, such as cyclin D1, Bcl-2, Bcl-XL, and putative STAT3 downstream targets, Notch 1 and Notch 3, that are essential for self-renewal and angiogenesis of stem cell.^\[[@R20],[@R25]\]^ By increasing the expression of cleaved PARP and cleaved casepase-3, GO-Y030 also drives CSCs to apoptosis and inhibits retinoblastoma protein phosphorylation that causes cell cycle arrest at G1 to affect CSCs cell cycle.^\[[@R19],[@R31]\]^

### 1.5.2. Curcumin analogues triggering apoptosis

According to cell death morphologies, cell death includes "apoptosis," "necrosis," and "mitotic catastrophe."^\[[@R99]\]^ Present experimental data of curcumin and its analogues on antitumor activity mainly regard activating the apoptosis through ROS-mediated endoplasmic reticulum (ER) stress and mitochondrion-dependant pathways as the key to initiate cell death program. Acute ER stress in cancerous cells triggers the induction of a family of ER stress protein that promotes survival and growth of cancer cells, in which acute ER stress plays an overall protective role in its resistance to chemotherapy and radiation therapy. However, prolonged or severe ER stress impairs the protective mechanisms and triggers the cell death program.^\[[@R32],[@R33]\]^ In intrinsic apoptosis, intracellular stress including DNA damage, cytosolic Ca^2+^ overload, and ER stress triggers pro-death or pro-survival signals to a mitochondrion-centered control mechanism. When pro-death signals prevail, mitochondrial outer membrane permeabilization occurs, which leads to a dissipation of mitochondrial transmembrane potential and arrest of mitochondrial ATP synthesis. The uncoupled respiration chains lead to reactive oxygen species (ROS) overproduction and cytochrome C released into the cytosol t induces cell apoptosis.^\[[@R99]\]^ Some studies show that curcumin triggers the accumulation of cytosolic Ca^2+^ by inhibiting the Ca^2+^-ATPase pump further increases the ER stress that induces the prolonged ER stress and activation of specific cell apoptosis by cleavage and activation of caspase and p23 cleavage, and downregulation of the antiapoptotic Mcl-1 protein.^\[[@R34],[@R35]\]^ Some successful curcumin analogues, WZ35 (Fig. [2](#F2){ref-type="fig"}, 22), WZ26 (Fig. [2](#F2){ref-type="fig"}, 23), HO3867 (Fig. [2](#F2){ref-type="fig"}, 24), L48H37 (Fig. [2](#F2){ref-type="fig"}, 25), 2,2′-F mono-carbonyl curcumin (Fig. [2](#F2){ref-type="fig"}, 20), 3,3′-OH curcumin (Fig. [2](#F2){ref-type="fig"}, 26), and B5 (Fig. [2](#F2){ref-type="fig"}, 27), have been documented to induce ROS production and accumulation that activate ROS-dependent ER stress signaling pathways or mitochondrial apoptosis pathways and finally lead to cell apoptosis.^\[[@R90],[@R33],[@R100],[@R101],[@R102],[@R103],[@R104],[@R105],[@R107],[@R108]\]^ In addition, HO3867 and L48h37 are inhibitors of STAT3 that is closely related to tumor progression and activates gene expression of Bcl-2, considered as an important antiapoptotic protein.^\[[@R33],[@R104]\]^ GL63 (Fig. [2](#F2){ref-type="fig"}, 5), WZ25, and A17 (Fig. [2](#F2){ref-type="fig"}, 28) can induce the expression of C/EBP homologous protein that is a direct effector of ER stress.^\[[@R36],[@R101],[@R109]\]^ B5 and IHCH (Fig. [2](#F2){ref-type="fig"}, 6) activate autophagy through the Akt and AMPK signaling pathways.^\[[@R37],[@R108]\]^ By analyzing structures of this effective anti-apoptosis curcumin analogues, we noted that most of them are based on mono-carbonyl curcumin or piperidone curcumin, and nearly half of them are with halogen elements introduction, for example, fluorine and bromine.

1.6. Curcumin analogues influencing the tumor microenvironment
--------------------------------------------------------------

Tumor microenvironment is the cellular environment in which the tumor exists, including tumor itself, surrounding blood vessels, immune cells, fibroblasts, and so on.^\[[@R107]\]^ In the process of tumor progression and metastasis, tumor microenvironment plays an essential role.^\[[@R108]\]^ In this article, we discussed the roles of curcumin analogues from the aspects of tumor microenvironment including angiogenesis, hypoxia status, and lipid metabolism.

### 1.6.1. Curcumin analogues inhibiting angiogenesis

Angiogenesis known as the formation of new blood vessels plays a critical role in cancer progression. It channels the tumor metastasis and also facilitates the delivery of oxygen and nutrition and clearance of wastes to satisfy the rapid metabolisms during tumor proliferation. Therefore, for cancer treatments, inhibiting angiogenesis is another key to preventing tumors from growing and metastasizing. Angiogenesis inhibitors have been widely used in cancer treatment.^\[[@R22]\]^ As direct angiogenesis inhibitors, natural curcumin and its analogues demethoxycurcumin (Fig. [2](#F2){ref-type="fig"}, 3) and bisdemethoxycurcumin (Fig. [2](#F2){ref-type="fig"}, 4), which occur naturally and are isolated from turmeric, were proved to be active in inhibiting vascular endothelial growth factor (VEGF) and basic fibroblast growth factor-induced neovascularization, and the downregulation of VEGF and fibroblast growth factor (FGF) is mainly mediated by its inhibitory effect on NF-κB transcription.^\[[@R23],[@R94]\]^ Structural modifications of curcumin on antiangiogenesis aim to enhance the downregulative effect of VEGF or FGF. Some other curcumin analogues such as EF24 (Fig. [2](#F2){ref-type="fig"}, 10) and its fluoro and pentafluorothio analogues EF-24-3c (Fig. [2](#F2){ref-type="fig"}, 29) and EF-24-4f (Fig. [2](#F2){ref-type="fig"}, 30) had a stronger antiangiogenesis effect, some, for example, 3c even showed disruptive effect on blood vessel.^\[[@R18]\]^ Similar curcumin analogues include UBS109 (Fig. [2](#F2){ref-type="fig"}, 9), EF31 (Fig. [2](#F2){ref-type="fig"}, 8),^\[[@R38]\]^ H-4073 (Fig. [2](#F2){ref-type="fig"}, 31),^\[[@R109]\]^ and B19 (Fig. [2](#F2){ref-type="fig"}, 32).^\[[@R97]\]^ Other than VEGFs, many components including growth factors and signal transducers also participated in tumor angiogenesis. A curcumin analogue GO-Y078 (Fig. [2](#F2){ref-type="fig"}, 13) showed angiogenesis-inhibiting effect not through the suppression of VEGF signaling but by actin disorganization.^\[[@R95]\]^ A unusual modification strategy dimethyl curcumin (Fig. [2](#F2){ref-type="fig"}, 33) by introducing methyl groups at C2 and C6 positions enhanced the antiangiogenesis activity of curcumin. Dimethyl curcumin remained β-diketone but introduced 2 methyl groups at C2 and C6 positions to resist metabolism in vivo.^\[[@R96]\]^

### 1.6.2. Curcumin analogues acting under hypoxia status

In most cases, solid tumors are under hypoxia, because tumor angiogenesis results in abnormal and dysfunctional blood vessels that can hardly match with the rapid growth with a high oxygen consuming.^\[[@R58]\]^ Tissue hypoxia increases the cellular ROS and leads to ER stress.^\[[@R59]\]^ Therefore, tumor hypoxia enhances the risk of resistance to treatments.^\[[@R60]\]^ Also, hypoxia-inducible factors (HIFs) are overexpressed in cancer cells under hypoxia status, and recent research has proven that HIFs can induce relevant gene expression that contributes to self-renewal and pluripotency of CSCs, such as Oct4 and Notch l.^\[[@R44],[@R45]\]^ When tumor under hypoxia status, CUR3d (Fig. [2](#F2){ref-type="fig"}, 13) and a series of curcumin analogues can downregulate HIF-1α.^\[[@R39]\]^ Investigations on curcumin analogues EF31 and UBS109 for their anti-pancreatic cancer activity reveal that through downregulation of HIF-1α, heat shock proteins 90, cyclooxygenase 2, and VEGF, they also can drastically impair angiogenesis in pancreatic cancer.^\[[@R38],[@R93]\]^

### 1.6.3. Curcumin analogues regulating lipid metabolism

Lipid metabolism, an important energy metabolism pathway in organisms, plays an even more critical role in tumor\'s energy metabolism pathways. Because of the rapid energy-consuming rate and poor oxygen-supplying channel, tumor tissues are usually under hypoxia. Therefore, glycolysis becomes the main energy supply pathway in cancer cells. However, glycolysis still cannot be sufficient for energetic and biosynthetic requirements of tumors.^\[[@R47]\]^ Given the irregular alteration in both glucose and glutamine metabolisms, cancer cells are in need of fatty acids as extra energy sources that can be obtained by synthesis or uptake from exogenous environment. Increased dependence on lipid oxidation as their primary energy source has been observed in many tumor types.^\[[@R48],[@R61],[@R62]\]^ Growing evidence have confirmed that changes in lipid metabolism are closely related to the occurrence and development of tumors.^\[[@R59]\]^ Most of the enzymes required for fatty acid and cholesterol synthesis are regulated by sterol regulatory element-binding proteins (SREBPs), a transcription factor of the helix-loop-helix leucine zipper family.^\[[@R49]\]^ Overexpressed SREBP1 and SREBP2 have been found in many tumor cells.^\[[@R50]\]^ Intermediated by SREBP, mutant tumor protein p53 associates with sterol gene promoters. Hyperactivated genes break tissue architecture and finally lead to the tumorigenesis in breast cancer.^\[[@R51]\]^ In glioblastoma, the expression of LDL receptor is essential for the survival of glioblastoma.^\[[@R53]\]^ Another study illustrates that mutant epidermal growth factor receptor induces the activation of SREBP-1.^\[[@R52]\]^ SREBP1-regulated fatty acid synthase is involved in the production of lipid-signaling molecules and responsible for the multidrug resistance (MDR) during cancer treatments.^\[[@R54],[@R55]\]^ According to all these evidence, lipid metabolic pathway could be a new perspective for cancer treatment and SREBPs could be the promising targets. Our research group has been seeking to understand and exploit the role of curcumin and curcumin analogues in cholesterol metabolism. In previous studies, we found curcumin inhibited ox-LDL-induced cholesterol accumulation in cultured vascular smooth muscle cells (VSMCs) by increasing the caveolin-1 expression and inhibiting nuclear translocation of SREBP-1.^\[[@R63]\]^ Curcumin also induced cell cycle arrest at G1/S phase and inhibited chol: MβCD-induced VSMCs proliferation via the suppression of overactivated extracellular signal-regulated kinase signaling.^\[[@R64]\]^ On the other hand, we also found curcumin could block the activation of Notch 1.^\[[@R109]\]^ In addition, a curcumin analogue curcumin nicotinate, known as CN (Fig. [2](#F2){ref-type="fig"}, 14), newly designed by our group has proven to significantly downregulate the expression of SREBP1 and to decrease lipid accumulation in THP-1 cells through the restoration of autophagy flux.^\[[@R56],[@R57],[@R59]\]^ Because curcumin and its analogues can regulate lipid synthesis and accumulation, we have been exploring whether curcumin and curcumin analogues play important roles in antitumor activity through the regulation of lipid metabolism. In our preliminary antitumor activity screening tests, CN indeed exhibited an excellent antitumor activity (unpublished data).

2. Discussion
=============

2.1. Modification strategy of curcumin
--------------------------------------

Curcumin is a safe natural compound and has vast molecular targets, which makes it an ideal leading compound. However, to our knowledge, with a wide target range, one will not be effective enough to work as a therapeutic medicine without any side effects. As an antitumor molecule, curcumin is unlikely to be sufficient. Therefore, it seems inevitable to narrow down the targeting spectrum of curcumin meanwhile to enhance targeting efficacy by structural modifications.

So far, the modification strategies of curcumin focus on improving the bioavailability. Curcumin is almost insoluble in water; therefore, the introduction of hydrophilic group or shortening of redundant hydrocarbon chain might be able to increase its water solubility. In addition, the spontaneous keto--enol tautomerism of curcumin makes it unstable in the process of metabolism in vivo, for which mono-carbonyl curcumin or piperidone curcumin might be more suitable for structural modification as a starting point (Fig. [3](#F3){ref-type="fig"}). Further modification could be the introduction of extra chemical group, for example, halogen elements; hydroxy, nitro, and methoxy groups to increase biocompatibility and bioavailability; cyclohexanone (Fig. [2](#F2){ref-type="fig"}, 2) to the chain between 2 aromatic rings to increase potency against MDR in tumor^\[[@R17]\]^; and heterocycle to increase the solubility and cytotoxicity.^\[[@R40]\]^ Recent studies have also mentioned the prospect of some asymmetric curcumin analogues.^\[[@R41],[@R42]\]^

![Promising structural modification types. Curcumin related mono-carbonyl type and piperidone type are promising structure modification starting points.](medi-99-e18467-g005){#F3}

Modified curcumin might still not be the end. Together with the nanoparticle technology, liposome, micelles, and phospholipid complexes delivery systems, the bioavailability of curcumin analogues will be further elevated. Also, from the aforementioned successful examples, we see the potentials of curcumin analogues to work as a synergistic drug or a sensitizer of cancer chemotherapies and radiotherapies for the reasons that with different structural modification strategies, curcumin analogues can not only target cancer cells but also target tumor microenvironment (Fig. [4](#F4){ref-type="fig"}), for example, arresting cell cycle at G1 phase that might play a synergistic effect with radiotherapies,^\[[@R43]\]^ triggering apoptosis by ROS-mediated signaling pathways, inhibiting angiogenesis by downregulation of NF-κB-mediated VEGF or FGF level, decreasing tissue hypoxia-induced HIFs overexpression, and regulating tumor lipid metabolism.

![How curcumin analogues interrupt resistance and recurrence of cancer cells. In the aspects of cell death and tumor microenvironment including angiogenesis, tissue hypoxia status, and energy metabolism, modified curcumin analogues interrupt resistance and recurrence of cancer.](medi-99-e18467-g006){#F4}

In summary, curcumin, as a promising compound isolated from traditional Asian dietary and medicinal plant turmeric, has drawn a massive attention. Extensive research has revealed its possible potentials for various therapeutic purposes, among which the antitumor activity has recently become a research hotspot. In cancer treatments, lots of thorny problems occur to us. Curcumin has deemed to be a multi-target agent that has its unique benefits to tumor inhibition, but its problem of low bioavailability has always been a stumbling block that have be overcome. From our perspective, narrowing target range to strengthen more specific effects, modified curcumin analogues could be more effective. The structural modifications in our review proved to be a feasible way to improve its solubility and efficacy. Mainstream cancer therapies combined with curcumin analogues as complementary agents would be a promising therapeutic strategy, yet more curcumin analogue types and the combination remain to be further explored.

2.2. Uncited reference
----------------------
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